Purpose Recent sediment fingerprinting research has shown the sensitivity of source apportionment results to data treatments, tracer number, and mixing model type. In light of these developments, there is a need to revisit procedures associated with tracer selection in sediment fingerprinting studies. Here, we evaluate the accuracy and precision of different procedures to select tracers for un-mixing sediment sources. Materials and methods We present a new approach to tracer selection based on identifying and removing tracers that exhibit nonconservative behaviour during sediment transport. This removes tracers on the basis of non-conservative behaviour identified using (1) tracer-particle size relationships and (2) source mixing polygons. We test source apportionment results using six sets of tracers with three different synthetic mixtures comprising one, five, and ten mixture samples. Source tracer data was obtained from an agricultural catchment in northwest England where time-integrated suspended sediment samples were also collected over a 12-month period. Source un-mixing used MixSIAR, a Bayesian mixing model developed for ecological food web studies, which is increasingly being applied in catchment sediment fingerprinting research. Results and discussion We found that the most accurate source apportionment results were achieved by the selection procedure that only removed tracers on the basis of non-conservative behaviour. Furthermore, accuracy and precision were improved with five or ten mixture samples compared to the use of a single mixture sample. Combining this approach with a further step to exclude additional tracers based on source group non-normality reduced accuracy, which supports relaxation of the assumption of source normality in MixSIAR. Source apportionment based on the widely used Kruskal-Wallis H test and discriminant function analysis approach was less accurate and had larger uncertainty that the procedure focused on excluding non-conservative tracers. Conclusions Source apportionment results are sensitive to tracer selection. Our findings show that prioritising tracer exclusion due to non-conservative behaviour produces more accurate results than selection based on the minimum number of tracers that maximise source discrimination. Future sediment fingerprinting studies should aim to maximise the number of tracers used in source un-mixing constrained only by the need to ensure conservative behaviour. Our procedure provides a quantitative approach for identifying and excluding those non-conservative tracers.
Introduction
Sediment fingerprinting is a widely used technique for determining proportional contributions from catchment sources to sediment transported in river networks. The technique has developed rapidly since the initial studies in the 1970-80s and is now the subject of considerable research and management interest (Walling 2013 ). This trend is driven by the need for information on sediment sources to better target management resources in river catchments where elevated erosion and sediment supply impact on water resources and aquatic habitats . More generally, the sediment fingerprinting approach is being increasingly utilised to address problems
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spanning geo-archaeological, forensic, and environmental health applications (Owens et al. 2016) .
With uptake of sediment fingerprinting both within catchment science and beyond, there is a need for a continuing focus on methodological development. Previous criticisms of aspects of the technique (Koiter et al. 2013; Smith and Blake 2014) contributed to renewed research effort to investigate method assumptions, data processing, and un-mixing procedures. Recent studies have examined the effects of (1) particle size (Laceby et al. 2017) , (2) tracer non-conservative behaviour (Sherriff et al. 2015) , (3) source group classification , (4) mixing model choice (Cooper et al. 2014; Haddadchi et al. 2014) , and (5) tracer properties (Upadhayhay et al. 2017 ) on source apportionment. Some of this research has challenged previously established and widely used sediment fingerprinting procedures. For example, the use of more tracers rather than fewer was shown to reduce errors compared to artificial mixtures (Sherriff et al. 2015 ). In contrast, the standard approach to tracer selection aims to minimise the number of tracers in source un-mixing (Collins et al. 1997) .
Most previous sediment fingerprinting studies employ least squares optimization in combination with Monte Carlo sampling (Collins et al. 1997; Franks and Rowan 2000) . This approach fits proportional source contributions with each draw from source and sediment distributions but has a tendency to produce skewed best-fit distributions where one source may supply 100% and other sources 0% (Cooper et al. 2014) . In contrast, Bayesian approaches employ Markov Chain Monte Carlo (MCMC) sampling algorithms. These allow distributions of all parameters to be explored simultaneously to produce more realistic posterior distributions of proportional source contributions (Cooper and Krueger 2017) . Moreover, Bayesian approaches enable incorporation of prior information, for example, based on catchment measurements or modelling (Fox and Papanicolaou 2008) .
Bayesian mixing models are receiving increasing attention within the sediment fingerprinting literature (Fox and Papanicolaou 2008; D'Haen et al. 2013; Nosrati et al. 2014; Cooper et al. 2014; Cooper and Krueger 2017) . This has occurred in parallel with the development of Bayesian mixing models to investigate ecological food webs using stable isotopes (Parnell et al. 2013) leading to model formulations that include MixSIR (Moore and Semmens 2008; Ward et al. 2010) , SIAR (Parnell et al. 2010) , and most recently MixSIAR (Stock and Semmens 2016a) . These models use stable isotope measurements of food sources (prey items) and tissue from consumers to determine the proportional contributions of those food sources to consumer diet. This concept and the associated mixing models may also be applied to river catchments where sediments represent a mixture of upstream sources, subject to the assumptions of linear mixing, normally distributed sources and mixtures, and conservative tracer behaviour (Nosrati et al. 2014) .
In light of these developments, there is a need to revisit procedures associated with tracer selection in sediment fingerprinting studies. Any new approach to tracer selection should preferably incorporate the benefits of including more tracers and apply Bayesian mixing models for source apportionment. Moreover, selection procedures need to address the challenges associated with identifying and removing those tracers that exhibit non-conservative behaviour (Koiter et al. 2013) . Non-conservative changes in tracer concentrations may in part reflect the influence of particle size and organic matter changes during transport (Laceby et al. 2017) or the sorption/ desorption of tracers with changing environmental conditions (Taylor et al. 2013) .
On this basis, we outline a new approach to tracer selection that focuses on the need to identify and remove nonconservative tracers. The approach moves away from seeking the minimum number of tracers that produce an Boptimum fingerprint^based on levels of source discrimination (Collins et al. 1997) . Instead, we consider that even tracers providing only limited source discrimination may still offer useful information for un-mixing. The new approach also avoids the need to apply corrections to tracer data for particle size and organic matter content, which has been criticised for producing unrepresentative corrected source data (Smith and Blake 2014) . Here, we quantitatively evaluate the accuracy and precision of different procedures used to select tracers for un-mixing sediment sources in an agricultural catchment. To this end, we employ the Bayesian mixing model framework MixSIAR (Stock and Semmens 2016a) and synthetic mixtures as well as sampled suspended sediment to compare source apportionment results. We test sets of tracers selected according to criteria for non-conservative behaviour, source normality, and source discrimination.
Methods

Catchment description, sampling, and analysis
Park Brook is an agricultural catchment located in northwest England near Blackburn (Fig. 1) . It is a small tributary of the River Ribble with a catchment area of 16 km 2 and an elevation range from 39 to 238 m. The mean annual rainfall amounts to 1273 ± 236 mm based on the record at Stonyhurst located approximately 5 km north from the centre of the catchment. Parent material comprises Quaternary glacial diamicton underlain by Carboniferous sandstone and mudstone. Soils are mostly slow draining clay loams with areas of medium sandy loams in the mid and upper catchment. Land cover based on the CEH Land Cover Map 2015 (Rowland et al. 2017 ) is predominantly improved grassland (78%) followed by urban/suburban (13%) and woodland (4.3%). Very few fields are used for arable farming.
Potential sediment sources were identified following reconnaissance of the catchment and include pasture surface soils, eroding channel banks, road surface dust, and damaged road verges (i.e. edges of lanes damaged by passing traffic that produces loose, exposed soil). All source samples were collected as composites using a trowel and comprise at least ten individual samples that were combined in the field to improve spatial representativeness. Samples were taken from 0-to 2-cm depth for pasture surface soils (n = 24 composite samples). Channel banks (n = 22) were sampled directly by taking even scrapings of material from top to base of bare vertical or sloping banks. Road dust (n = 19) was collected from road and laneway surfaces throughout the catchment, while damaged road verges (n = 13) were sampled directly wherever this was observed. Suspended sediment samples were collected at the outlet of the catchment using two time-integrating samplers based on the design of Phillips et al. (2000) . Suspended sediment sampling occurred between 3 February 2016 and 13 February 2017 with a total of seven sampling intervals averaging 54 days duration.
Soil samples were air-dried, gently disaggregated, and sieved to < 63 μm. Bulk sediment-water mixtures (10-20 L) recovered from the stream samplers were allowed to settle over 24 h and the water removed by siphoning before the remaining sediment-water mixtures from the two samplers were combined to produce a single sample with sufficient sediment for analysis. The sediment-water mixture was then separated by centrifuging and the resulting sediment samples freeze-dried and sieved to < 63 μm. Soil and sediment samples were measured for major and minor elements by X-ray fluorescence (XRF) using a Spectro XEPOS bench-top XRF spectrometer. Samples were analysed for fallout radionuclides ( Cs was measured by its gamma emission at 662 keV. Minimum count times were 24 h. All samples were also measured for low-frequency magnetic susceptibility (χ lf ) using a Bartington MS2 susceptibility meter, grain size using a Coulter LS200 laser analyser, and organic matter content by loss on ignition (LOI) using a muffle furnace at 450°C for 4 h. Grain size data is reported as specific surface area (SSA, m 2 g −1
) and organic matter as percent LOI.
Tracer selection
We propose a new tracer selection procedure which is summarised in Fig. 2 . It comprises six steps: (1) exploratory data analysis; (2) examination of grain size and organic matter The first step involves an initial comparison of source versus sediment tracer data using boxplots and dimension reduction procedures such as principal component analysis (PCA) or linear discriminant analysis (LDA) to examine data clustering. Boxplots of raw source and sediment data from Park Brook for all tracers are presented in Supplementary Fig. 1 (Electronic supplementary material).
Step 1 is an iterative procedure whereby PCA or LDA analyses may be repeated for different tracer sets to examine the effect of tracer selection on the resulting source groupings (Fig. 3a to d ). However, it should be noted that as the number of tracers increases (e.g. from set A to D), the proportion of variance explained by the first two principal components tends to decrease (59.8 to 37.7%). As such, plotting the first two components may not give sufficient perspective on source group clustering as a basis for evaluating tracer selection. This is apparent when comparing plots in Fig. 3 where the level of source discrimination seemingly decreases for tracer set D, despite including the same tracers as sets A and C as well as additional tracers.
Step 2 characterises the grain size (SSA) and organic matter content (LOI) in sources and sediments. Both these properties may influence tracer concentrations in sediment relative to sources, potentially due to selective transport effects. However, variability in sediment grain size and organic matter Fig. 2 Tracer selection procedure based on identifying and removing tracers that show evidence of non-conservative behaviour and non-normal source data. SSA is specific surface area and LOI is percent organic carbon measured by loss on ignition content may also reflect enrichment or depletion of fine particles or organic matter due to differences in these properties between sources and the proportional contribution from each source to the sampled sediment (Smith and Blake 2014) . In such instances, these properties may contribute to the fundamental basis for source discrimination (Laceby et al. 2017) , and applying corrections to remove source-to-sediment differences could remove differences in source tracer concentrations that are essential for source discrimination. Therefore, we recommend plotting SSA vs LOI for sources and sediments to examine the extent of source grouping based on these properties and to check whether sediment samples plot within the SSA-LOI source polygon.
For Park Brook catchment, there is evidence of fine particle enrichment in suspended sediment relative to source samples, whereas no equivalent changes were observed for organic matter (Fig. 4) . We tested the difference in SSA (p < 0.001) and LOI (p = 0.267) between sources and sediments using the non-parametric Mann Whitney U test. This confirmed a significant difference between source and sediment SSA that may affect tracer concentrations in suspended sediment and lead to non-conservative tracer behaviour. We then applied the Box-Cox power transformation to tracer data and plotted SSA versus transformed tracer concentrations along with fitted regression lines for individual source groups and for the combined sources data (Fig. 5) . This highlights the mix of positive Fig. 3 Plots of the first two principal components for tracers selected by four different selection criteria (Table 1 , sets A-D) with suspended sediment data (black circles) plotted for comparison. Source group codes are CB: channel bank, P: pasture surface soil, RD: road dust, and RV: road verge. Ellipses represent 50% of group variability. PCA was performed using R package FactoMineR v1.36 (Le et al. 2008 ) and plotted using factoextra v1.0.4 (Kassambara and Mundt 2017) and negative correlations between tracers and SSA, as well as those tracers which do not exhibit a significant relationship with SSA. This observation precludes the uniform application of simple sediment-to-source corrections for particle size across different tracers, in contrast to many previous fingerprinting studies. The slope of lines fitted to individual source group data is generally comparable with the slope for the combined sources data with some exceptions. This suggests a tracer-dependent particle size effect that is broadly consistent across sources, which may reflect the reasonably homogenous parent material present in the Park Brook catchment. However, where sources are defined according to contrasting parent materials, differences in chemical composition may produce more varied tracer-SSA relationships between sources. Comparison of source and sediment data in Fig. 5 shows evidence of non-conservative behaviour for several tracers, which we address next.
In step 3, we aim to identify and exclude from further analysis those tracers which show evidence of nonconservative behaviour related to grain size and organic matter content based on the outcome of step 2. For Park Brook, we compute Pearson's correlation coefficients, p values and 95% prediction intervals (PI) based on linear regression between each tracer and SSA using the combined sources data. For only those tracers which exhibit a significant (p < 0.05) correlation (positive or negative), we test whether the sediment tracer data plots within the 95% PI polygon (Fig. 5 ) based on the source data using the point.in.polygon function (R package Bsp^v1.2-5, Pebesma and Bivand 2005; Bivand et al. 2013) . Those tracers where sediment data plots outside 95% PIs were considered to exhibit non-conservative behaviour related to suspended sediment enrichment in finer particles and were excluded from further analysis. For Park Brook, this led to the removal of 210 Pb ex , S, Cl, Cu, Zn, Br, Rb, Y, Nb, Th, and P. The next step examines potential non-conservative tracer behaviour by comparing source data convex hulls (minimum bounding polygons) with sediment data. This is a development on the Brange test^approach by extending this to 2-D mixing polygons based on source tracer data. Sediment samples should plot within source polygons and those tracers which fall outside these polygons are considered to exhibit non-conservative behaviour or there may be a missing source (Upadhayhay et al. 2017) . Here, we compute source polygons for all pairwise combinations of tracers and test whether sediment data plots within each polygon. If one or more sediment data points plot outside the source polygon, then the tracer is excluded (e.g. Supplementary Fig. 2 , Electronic supplementary material). While this approach does not account for the ndimensional hyper-volume produced by using > 3 tracers (Blonder et al. 2014) , it does allow direct visual identification of the tracers causing sediment data to plot outside source polygons. On this basis, Mn, Ni, Zr, Fe, Se, Sn, Al, and Si were excluded from further analysis.
Source and sediment tracer datasets are assumed to be normally distributed in MixSIAR. Therefore, in step 4, we examine the normality of each source group for each tracer by using the Shapiro-Wilk test as a tracer screening tool. In this test, the null hypothesis is that the data fits a normal distribution. Tracers were removed when source data was significantly different from normal in at least one of the four source groups using p value thresholds of 0.01 and 0.001. The use of a p value of 0.05 resulted in two tracers remaining when combined with the preceding tracer exclusions. By reducing the p value threshold, we increase the extent to which tracer data must deviate from normal to be considered significantly different. This allows us to examine the sensitivity of source unmixing with MixSIAR to tracer selection by progressively relaxing the assumption of source group normality and including more tracers in the analysis. Inspection of QQ plots was also used to visually assess the results of the Shapiro-Wilk tests.
The application of the above tracer selection procedures to the Park Brook data led to three subsets of tracers for testing source apportionment sensitivity (Table 1 , tracers sets A, C, and D). Tracer sets A (Fig. 3a) and C (Fig. 3c) removed tracers on the basis of evidence for non-conservative behaviour and source group normality defined by significance levels of 0.01 and 0.001, respectively. Tracer set D (Fig. 3d) only accounts for non-conservative behaviour and ignores source group normality. Tracer set E comprises all tracers and represents an idealised scenario where there is no non-conservative behaviour. When combined with synthetic mixtures, we use tracer set E to examine the effect of increasing tracer numbers on We also include a set of tracers (set B, Fig. 3b ) selected by the widely used combination of (1) range testing to compare the range in source and sediment datasets (Martínez-Carreras et al. 2010) , (2) Kruskal-Wallis H (KWH) test to exclude tracers that exhibit no significant difference between sources, and (3) discriminant function analysis (DFA) to select the minimum number of tracers that provide the maximum discrimination between sources (Collins and Walling 2002) . The range test excluded Mn and Zr and the KWH (p > 0.05) excluded V, As, and Br. Forward stepwise DFA was implemented using R package klaR v0.6-12 (Weihs et al. 2005 ) to minimise the Wilk's lambda with an F test significance value of 0.01. LDA with cross-validation (R package MASS v7.3-45; Venables and Ripley 2002) for the selected tracers showed that 67% of samples were classified in their correct source group.
Synthetic mixtures
The generation of synthetic mixtures from source samples is a useful approach for evaluating the accuracy of source unmixing procedures (Palazón et al. 2015) . Here, we employ three sets of sources mixtures comprising (1) equal contributions from each source (25%); (2) channel banks contributing 60%, pasture 20% with 10% from the other two sources; and (3) road dust contributing 50%, channel banks and pasture 20% each, and 10% from road verge. We compare mixing model outputs for the tracer sets listed in Table 1 using a single mixture based on the different proportional combinations of measured source means, as well as n = five and ten mixture samples drawn from a set of mixtures produced by resampling source means. The choice of five and ten samples is intended to reflect plausible numbers of sediment samples that may be collected at one site. To generate multiple samples for each synthetic mixture, we first produce 1000 means by bootstrapping each source 1000 times and calculating the mean. We then compute the resulting tracer concentrations produced by mixing the source means according to the proportions for the three synthetic mixtures. The resulting synthetic mixtures are normally distributed. This is expected because the distributions of tracer means should be normal based on the Central Limits Theorem even if source group distributions of some tracers are non-normal.
Our approach for generating multiple synthetic mixtures is intended to mimic the effect of spatial mixing that occurs in catchments. Sediment is assumed to be eroded from many locations within each source and mixed during transport to the catchment outlet. This process is then repeated over multiple storm events during a sampling period to produce sediment mixtures that comprise material from many individual points within each source that can be represented by source means. We use the synthetic variability based on resampling of source means as a way of emulating some of the natural variability that we would expect to observe when collecting multiple sediment samples at a site. This allows us to compare un-mixing results based on single versus multiple synthetic samples. We ran five replicates each for the five and ten sample mixtures for tracer sets A to D to account for the variance in mixtures produced by resampling source means. This replication procedure was not repeated for tracer sets E and F with 32 tracers each due to prohibitively long model run times, which equated to 56.5 h for a single replicate using a 3.5-GHz quad core processor with parallel processing.
We also examine the effect of corrupting one tracer, namely Mn, based on the observed non-conservative behaviour of this element. Previous work has used corrupted synthetic tracer data to mimic non-conservative behaviour and shown how it reduces accuracy of source predictions using a frequentist mixing model (Sherriff et al. 2015) . Here, we present an illustrative example to show the sensitivity of MixSIAR simulations to the inclusion of one clearly non-conservative tracer when all remaining tracers are treated as conservative. This was achieved by multiplying the synthetic mixture for Mn by the ratio of mean Mn concentration measured in the Park Brook sediment to the mean for all sources, which equates to a factor increase of 3.1. Tracer set F comprises the corrupted data for Mn with non-corrupted data for all other tracers.
MixSIAR simulations
MixSIAR is a Bayesian mixing model framework for investigating consumer diets in ecological food webs (R package MixSIAR v3.1.7, Stock and Semmens 2016a). It builds on previous Bayesian mixing models, namely MixSIR (Moore and Semmens 2008; Ward et al. 2010 ) and SIAR (Parnell et al. 2010) . MixSIAR allows flexible treatment of different error structures to deal with mixture variability. These have been defined as Bprocess error^where the variation in mixtures results from sampling of different locations from each source distribution and Bresidual error^which refers to the unexplained deviations from the mixture mean if mixtures are produced by sampling only the source means (Stock and Semmens 2016b) . For catchment applications, use of the residual error term only may be preferable because erosion effectively Bsamples^many locations across each source and tracer variability based on individual source samples may not translate into sediment mixture variability. However, if a sediment mixture is characterised by one sample, then mixture variance must depend on source variance.
Here, MixSIAR simulations comprise three MCMC chains of length 3 × 10 6 , including a burn-in of 1.5 × 10 6 , to produce 9000 posterior estimates of proportional source contributions. An un-informative Dirichlet prior (α = 1) was used for all model runs. Model convergence was assessed by the Gelman-Rubin diagnostic (variables < 1.1). The different treatment of error terms described above is relevant to our comparison of source apportionment results based on a single mixture (process error only) versus five or ten sample mixtures (residual error only). We evaluated the accuracy and Pb ex Al As Ba Br Ca Cl Cr Cu Fe Ga K Mg Mn Nb Ni P Pb Rb S Se Si Sn Sr Th Ti V Y Zn Zr χ lf precision of source apportionment results for six tracer sets (A-F) × 3 synthetic mixtures for mixtures represented by a single value. We also examined five and ten sample mixtures with five replicates each × three synthetic mixtures × four tracer sets (A-D). Combined, this produced 138 source apportionment outputs for synthetic mixtures in addition to source unmixing using suspended sediment data from the Park Brook catchment.
Results and discussion
Environmental basis for source discrimination
The tracers listed in Table 1 (sets A to D) were initially selected without reference to their potential environmental behaviour. We now consider evidence underpinning the basis for source discrimination and behaviour of selected tracers (Koiter et al. 2013) . It is notable that the tracers selected according to their source discrimination potential (set B:
210
Pb ex , Ba, Cr, Nb, Sr) versus those selected to exclude nonconservative behaviour (e.g. set D: 137 Cs, As, Ba, Ca, Cr, Ga, K, Mg, Pb, Sr, Ti, V, χ lf ) have only three tracers in common (Ba, Cr, Sr). This highlights how different selection procedures may lead to highly contrasting sets of tracers for source un-mixing.
The tracers selected to exclude non-conservative behaviour include alkaline earth (Ba, Ca, Mg, Sr) and alkali (K) metals. Alkaline earth metals (Ba, Sr) also constitute two of the three tracers common to both tracer sets B and D. The alkaline earth and alkali metals may be expected to vary with soil depth due to weathering effects (Tyler 2004 ). This depth-dependency is apparent for Ba and Sr where channel bank (subsoil) mean concentrations are 1.5 and 1.1 times higher, respectively, than pasture surface soil (Supplementary Table 1 , Electronic supplementary material). For the other alkaline earth and alkali metals, the differences are smaller. Less weathered subsoil also tends to exhibit higher concentrations of various metals (Kříbek et al. 2010; Bini et al. 2011) . This is apparent for Cr and V, where both have higher mean concentrations (1.1 times) in channel banks than pasture surface soil. There is no difference in Ti, which is consistent with its high resistance to weathering (Dawson et al. 1991) . The limited differences in topsoil versus subsoil concentrations of geogenic elements from Park Brook probably reflect constraints on pedogenesis imposed by late Quaternary glaciation. Moreover, the narrow alluvial fill along reaches of the lower and mid main channel comprises material which must first have been eroded and deposited post-deglaciation, hence further reducing the time available for pedogenesis.
Topsoil-enriched elements offer potential for discriminating pasture surface soil versus channel bank subsoil. Larger differences occur for P (2.2× levels in channel banks), 137 Cs and S (both 2×), and Pb (1.5×) (Supplementary Table 1 , Electronic supplementary material). Higher topsoil concentrations of P and S, for example, reflect processes of atmospheric deposition, plant cycling, and decomposition (Jobbágy and Jackson 2001) . However, these elements were excluded because of observed non-conservative behaviour, which is unsurprising given their potential for enrichment or dissolution during transport (Koiter et al. 2013) . The enrichment of Pb in topsoil reflects atmospheric pollution (Blake and Goulding 2002) . Pollution by heavy metals is also important for discriminating road dust and road verge sources. Both of these sources contain elevated levels of Cr and Pb compared to pasture and channel banks. Low-frequency magnetic susceptibility (χ lf ) is 3.6 and 2.1 times higher in road dust and road verge sources, respectively, than pasture soils and has been shown to correlate with metal pollution (Hay et al. 1997) .
The fallout radionuclides (FRNs)
137
Cs and excess lead-210 ( 210 Pb ex ) were selected for inclusion in different tracer sets.
210 Pb ex was excluded from set D because of nonconservative behaviour in its relationship with SSA ( Fig. 5 ) but passed the less rigorous range test to form part of set B. Both FRNs exhibit undisturbed soil depth profiles that peak at or near the surface and decline exponentially with depth (Wallbrink et al. 1999 ). These FRNs are also known to strongly adsorb to fine particles (He and Walling 1996) . However, Fig. 5 shows significant (p < 0.05) negative correlations between both FRNs and SSA. The explanation for this apparently contradictory pattern is evident in Fig. 4 , which shows that channel bank material has a higher SSA (mean = 1.37 m 2 g −1 ) than other sources (range in means = 1.03-
). Channel banks comprise mostly subsoil with more fine particles but lower FRN activity concentrations. Hence, selective fining in downstream sediment particle size will not lead to increasing FRN activity concentrations if channel banks (subsoil) are the dominant source.
Evaluation of tracer selection using synthetic mixtures
Source apportionment with MixSIAR is sensitive to both tracer selection and the number of mixture samples. Comparing selected tracer sets A to D shows that the mean sum of absolute errors between predicted and actual mean proportional source contributions ranges from 30 to 83% for the synthetic mixtures with five or 10 samples (Table 2) . Tracer set A incurred the largest mean summed error (79-83%, n = 3 tracers) using five or ten samples, and the error generally decreased with increasing number of tracers (Fig. 6a) . Tracer set B, based on the widely used range test, KWH, and DFA selection procedure, exhibited a larger summed error (36-39%, n = five tracers) than tracer set D (30%, n = 13 tracers), which had the smallest error of the four sets of selected tracers. Set B includes two tracers ( 210 Pb ex , Nb) excluded from sets A, C, and D due to non-conservative behaviour identified using our new selection procedure. However, the synthetic mixtures used to the test accuracy of source apportionment results do not account for the non-conservative behaviour of tracers in set B. Hence, the accuracy of results for set B may be further reduced in a natural setting where this non-conservative behaviour could impact on source un-mixing. Tracers in set D were chosen only to exclude non-conservative tracer behaviour and did not exclude tracers on the basis of source group non-normality, in contrast to sets A and C where normality testing was part of the selection procedure. Uncertainty in source contribution predictions ranged between 298 and 406% based on the mean sum of 95% credible intervals (CI) but showed no trend with tracer number for mixtures comprising five and ten samples (Fig. 6b) . Moreover, there is negligible difference in summed 95% CIs between mixtures comprising five and ten samples. Source apportionment results based on a single mixture value displayed larger summed errors (67-84%) and 95% CIs compared to results for mixtures with five or ten samples (Table 2 ; Fig. 6 ). This contrast in error and uncertainty is clearly apparent when comparing probability density plots of Fig. 6 Plot of a sum of absolute errors between actual and predicted mean source contributions and b sum of 95% credible intervals for the three synthetic mixtures and six tracer sets (A to F). The mean and standard deviation (error bars) of the summed absolute errors and 95% credible intervals for the five and ten sample mixtures are based on the five replicate simulations. Simulations using tracer sets E and F were not run for the replicated five and ten sample mixtures due to prohibitively long model run times Table 2 Summary of absolute errors in percentage terms between the actual and predicted proportional source contributions to the three synthetic sediment mixtures for the selected tracer sets A to D. Also shown are the 95% credible intervals (CI) and the Gelman-Rubin (G-R) diagnostic comparing within to between chain variance to assess MCMC convergence. Reported mean errors for five and ten sample mixtures are based on simulation results for five sets of randomly sampled synthetic mixtures proportional source contributions based on a single mixture value (Fig. 7) versus five mixture samples (Fig. 8) . This difference reflects the contrasting error treatment (Stock and Semmens 2016b) , whereby variation for the single mixture comes from sampling source distributions (process error); whereas for the five and ten sample mixtures, variation is due to deviations from the mixture mean produced by sampling of source means (residual error). Hence, use of a single mixture value with a process error structure may reduce accuracy and increase uncertainty in source apportionment results when variance in source distributions is large. Sediment fingerprinting studies sometimes rely on single samples of suspended sediment for source un-mixing (e.g. a timeintegrated sample collected over monthly intervals), which are assumed to represent the mean of tracer properties.
Where possible, a move towards using multiple sediment samples per sampling site (e.g. at a catchment outlet or channel bed reach) could be a useful step to improve the accuracy and precision of source apportionment results.
We also compare MixSIAR source apportionment results based on all available tracers (set E) and using all tracers with one corrupted tracer (set F). Un-mixing with tracer set E is unrealistic because this assumes all tracers behave conservatively to produce the synthetic mixtures. However, we employ this simulation here to show how use of 32 tracers in set E compared to 13 in set D leads to a small reduction in summed error (Fig. 6a ) but a larger reduction in uncertainty (Fig. 6b) when using a single mixture. While the inclusion of the largest possible number of conservatively behaving tracers seems desirable, this significantly increases model run times and may cause problems for MCMC convergence, which was observed for sets E and F when attempting runs with five and ten sample mixtures.
Issues with achieving convergence were also encountered using tracer sets B and D with the five and ten sample mixtures for several replicate simulations (Table 2) . Testing with longer chain lengths (increase from 3 × 10 6 to 6 × 10 6 ) did not improve the convergence diagnostics. Ultimately, some compromise is needed between tracer number, chain lengths, and model run times, which may make inclusion of all tracers impractical, even if all were to behave conservatively. The inclusion of one corrupted tracer (Mn) had a negative effect on source apportionment accuracy for tracer set F (Fig. 6a) . Although previous tracer selection methods would have removed this corrupted tracer, we were interested in the extent to which one non-conservative tracer will affect source apportionment. This result clearly demonstrates the importance of removing non-conservative tracers and justifies a focus on conservative behaviour in tracer selection.
Park Brook source apportionment
Proportional source contributions to suspended sediment exported from Park Brook catchment were determined using tracer sets A to E. Source contributions to sediment were unmixed on an annual grouped basis (n = 7 time-integrated samples) and by sample as a fixed effect. Boxplots for each source show how both the number and choice of tracers affect predicted source contributions to the grouped sediment samples over the 12-month measurement period (Fig. 9) . Results for all tracer sets indicate channel banks are the dominant source, albeit with considerable range in mean source apportionment results (channel banks 43-80%, pasture 4-32%, road dust 2-8%, road verge 11-26%). Un-mixing results based on tracer sets A-C (tracer n = 3-6) exhibit considerably larger uncertainty (range in max. source 95% CI = 70-93%) than tracer set D with 13 tracers (max. 95% CI = 25%). The use of all tracers regardless of non-conservative behaviour or their potential suitability as tracers (set E, n = 32) produces comparable source contributions to set D, albeit with larger uncertainty (max. 95% CI = 50%). However, as with some of the synthetic mixtures, it was difficult to achieve chain convergence using set E. We ran MixSIAR with chain lengths of 3 × 10 6 , 6 × 10 6 , and 12 × 10 6 which resulted in nine, six, and eight out of a total of nine variables, respectively, exceeding a Gelman-Rubin diagnostic value of 1.1. Table 1 for the list of tracers included in each set) There was some difference between the predicted source contributions based on annual grouped sediment data (residual error) versus individual sediment samples (process error). The mean percent contribution (with 95% CI) for each source based on grouped sediment data using tracer set D is 80 (67-91), 4 (0-14), 3 (0-9.4), and 14% (1-25) for channel bank, pasture surface soil, road dust, and road verge, respectively. This is reasonably consistent with the range in mean values for the seven individual sediment samples of 64-78, 3-5, and 8-11% for channel banks, road dust, and road verge, respectively. However, the results for pasture are less consistent with a range in mean values of 9-23% based on individual sediment samples. This finding partly reflects some seasonal change in source contributions but also underscores the need to take into account the different error structures associated with using a single sediment sample versus multiple samples and how this may affect source apportionment results.
Un-mixing of synthetic mixtures indicated that tracer set D, where tracers are selected to exclude non-conservative behaviour but neglecting source non-normality, should produce the most accurate source apportionment results. The finding that channel banks are the dominant source is consistent with field observations. Evidence of eroding channel banks is widespread in the lower and mid catchment where banks of 1-2-m height are vertical or steeply sloping with little or no vegetation cover (Supplementary Fig. 3 ). We also observed evidence of bank collapse and the impacts of livestock trampling that produced loose and erodible material at the base of banks. In contrast, the finding that damaged road verges accounted for approximately 14% of suspended sediment exported from Park Brook over the 12-month period may be more questionable. Damaged road verges were observed in only limited areas along lanes (hence, the collection of smaller number of samples). Moreover, road verge appears as a mixture of topsoil/subsoil and road dust (Fig. 3 ) and thus presents a challenge for un-mixing. For instance, if we group road dust and road verge into a single source, the resulting mean source apportionment results (with 95% CI) based on tracer set D show 86 (77-93), 3 (0-12), and 11% (5.3-16) from channel banks, pasture surface soil, and road sources, respectively. These results are reasonably consistent with those based on four sources where channel banks are the dominant source, albeit with an increased contribution, while pasture surface soil makes only a small direct contribution. In both cases, the moderate contribution (11 vs. 17%) from road sources suggests that the roads and lanes within the catchment are both a source and transport pathway for sediments washed from pasture fields which adsorb contaminants from vehicle exhaust during storage on road surfaces.
The conclusion that channel banks are the dominant sediment source in Park Brook is supported by all tracer sets tested using both four and three sources. This is noteworthy given the modest differences between concentrations of many tracers in pasture surface soil and channel bank subsoil, as discussed previously. Ultimately, the extent of topsoil versus subsoil contrast in tracer concentrations depends largely on pedogenesis or topsoil pollution (typically from atmospheric fallout). In those environments such as Park Brook where the time elapsed since soil formation or the deposition of alluvial valley fills is limited by past environmental change, this increases reliance on atmospheric pollutants such as Pb and 137 Cs rather than geogenic elements for soil depth-dependent source discrimination.
Conclusions
We present a new approach to tracer selection based on identifying and removing tracers that exhibit non-conservative behaviour during transport between catchment sources and sediment sampling locations. This builds on recent developments in the sediment fingerprinting literature, which show the sensitivity of source apportionment results to tracer data treatments, the number of tracers used in un-mixing, and the choice of mixing model. Here, we tested the accuracy of source apportionment results using sets of tracers chosen by different selection procedures with synthetically generated mixtures comprising a single value, five, and ten mixture samples. Source and suspended sediment data was obtained from sampling an agricultural catchment in northwest England and source un-mixing performed using MixSIAR, a Bayesian mixing model.
We found that the most accurate source apportionment results were achieved by the selection procedure that only removed tracers on the basis of non-conservative behaviour identified using (1) tracer-particle size relationships and (2) source mixing polygons. This approach excluded those tracers that exhibited non-conservative behaviour which could not be explained by source-to-sediment variations in particle size or which showed signs of chemical changes during transport leading to sediment samples plotting outside source datadefined polygons. Combining this approach with a further step to exclude additional tracers based on source group non-normality reduced accuracy, which supports relaxation of the assumption of source normality in MixSIAR. We also found that accuracy and precision of source apportionment results were considerably improved with five or ten mixture samples versus the use of a single mixture sample. This indicates a need to move towards greater replication of sediment sampling in sediment fingerprinting studies.
We compared results from the selection procedure based on excluding non-conservative behaviour to those produced by the widely used combination of range testing, KWH test, and DFA. Source apportionment based on the KWH-DFA approach was less accurate and had larger uncertainty than the procedure focused on excluding non-conservative tracers.
This difference partly reflects the larger number of tracers selected compared to the KWH-DFA approach which aims to find the minimum number of tracers that maximise source discrimination. These findings provide further evidence to support the use of more rather than fewer tracers, subject to the key requirement of conservative tracer behaviour.
The tracer selection procedures were also used in unmixing catchment sources of suspended sediment over a 12-month period. Source apportionment results were found to be sensitive to tracer selection and produced a large range in estimated mean source contributions, although all sets of tracers tested indicated that channel banks were the dominant source. Our procedure for removing non-conservative tracers produced the most accurate results based on the synthetic mixture analysis and was therefore considered likely to give the most reliable predictions. These findings are consistent with field observations of eroding channel banks that were also affected by livestock trampling in the lower and mid catchment.
